The effects of mechanical force applied to the integrin clusters at focal contacts were examined in cultured human umbilical vein endothelial cells. When a fibronectin-coated glass bead was attached to the apical cell surface, focal contacts formed beneath the bead that became linked to focal contacts at the basal cell membrane by actin stress fibers in 5 minutes. Integrin dynamics at the basal focal contacts were monitored in live cells in response to a localized mechanical stimulus generated by displacing the glass bead. Traction force transmitted to the basal focal contacts through the stress fibers was monitored by measuring the deformation of the polyacrylamide gel substratum. The force declined in a few seconds, probably owing to decreases in the elastic modulus of the stress fibers. This transient mechanical stimulus caused the dephosphorylation of paxillin and disassembly of integrin clusters at the basal cell membrane in 20 minutes. The disassembly was mediated mainly by clathrin-dependent endocytosis of integrins. The integrin internalization was inhibited in Ca 2+ -and K + -free solution, and by phenylarsine oxide, a phosphatase inhibitor. These results suggest that a transient mechanical stimulus applied to focal contacts induces Ca 2+ -dependent dephosphorylation of some proteins, including paxillin, and facilitates clathrin-dependent endocytosis of integrins.
Introduction
Extracellular matrices contain the main signals that cells use to establish and maintain their shape Vogel and Sheetz, 2006) . Focal contacts that link cells to their surrounding extracellular matrices and actin cytoskeletons play crucial roles in controlling the shape of endothelial cells (Iba and Sumpio, 1991; Drake et al., 1992; Chen et al., 2004) , and the redistribution of focal contacts is absolutely necessary for remodeling of the cell shape (Burridge et al., 1988) . Cells are exposed to a variety of mechanical stimuli, such as blood flow and tissue distension, that induce mechanical stress in the cell membrane and cytoskeleton. Force affects the size of integrin clusters in focal contacts (Riveline et al., 2001) , and increases in the size of focal contacts result in the assembly of the actin cytoskeleton (Vogel and Sheetz, 2006) . Force-dependent incorporation of zyxin, an actin-filament-associated protein, affects the polymerization of actin filaments (Hirata et al., 2008) . Thus, mechanical forces presumably play important roles in morphological changes in cells. Actually, externally applied force, for example, uni-axial cyclic stretch (or uni-axial flow), induces dramatic changes in the shape of endothelial cells (Naruse et al., 1998b; Malek and Izumo, 1996) . When endothelial cells are cultured on dishes, they exhibit a polygonal shape with random orientation. When subjected to uni-axial cyclic stretch, however, they change from a cobble-like to a spindle-like shape, aligning their long axis perpendicular to the axis of stretch (Shirinsky et al., 1989; Naruse et al., 1998b) , as seen in vessel walls in vivo. Integrins are primarily involved in the adhesion of focal contacts to the extracellular matrix (ECM) in endothelial cells (Hynes, 2002; Kawakami et al., 2001) . It is thus conceivable that mechanical forces induce redistribution of focal contacts (or integrin clusters), leading to changes in the shape of endothelial cells; focal contacts at the lateral margin of the cell in the axis of stretch disappear and those perpendicular to the stretch axis increase in number (Naruse et al., 1998a) . However, the molecular mechanism underlying the stretch-dependent redistribution of focal contacts has not been fully clarified.
The process by which focal contacts form 3-12 hours after the plating of endothelial cells on a substrate (e.g. exocytotic incorporation of integrins into the basal membrane) has been elucidated (Kawakami et al., 2001) , and complex signaling pathways of contact formation (e.g. RhoA-dependent signaling) have been proposed (Webb et al., 2002; Sastry and Burridge, 2000) . By contrast, different cellular and molecular mechanisms have been proposed for the disassembly of focal contacts (Pellinen and Ivaska, 2006 ) depending on the cell type and experimental conditions. During cell migration, focal contacts at the tail of cells are disassembled in a calpain-dependent way (Palecek et al., 1998; Worthylake et al., 2001) , and microtubules (MTs) might contribute to focal adhesion disassembly (Ezratty et al., 2009) . Recent studies have shown that catalytically active protein kinase C (PKC) is responsible for b1 integrin internalization through a Ca 2+ -and phosphoinositide 3-kinase (PI3K)-dependent and dynamin-I-controlled endocytic pathway in mammary epithelial cells (Ng et al., 1999) , and that PKCmediated phosphorylation of vimentin is a key process in integrin traffic across the intracellular space (Ivaska et al., 2005) .
Two possible mechanisms for the disassembly of integrin clusters have been postulated, the lateral movement of integrins by diffusion (or traction by the integrin-linked actin cytoskeleton) in the plasma membrane (Schmidt et al., 1993; Gall and Edelman, 1981) , and the internalization of integrins from the cell membrane by clathrin-dependent and -independent endocytosis (Lawson and Maxfield, 1995; Bretscher, 1989; Pierini et al., 2000; Doyle and Lee, 2005; Ezratty et al., 2009; Pellinen and Ivaska, 2006; Mayor and Pagano, 2007; Ning et al., 2007) . However, the process by which such changes in the distribution of focal contacts are caused by mechanical stimuli has not been analyzed in detail, and the signal cascade from mechanical stimulation to the redistribution of integrins is completely unknown. In this study, we focused on the disassembly of focal contacts triggered by mechanical stimuli, a process that is likely to have important roles in cell migration and cell shape remodeling.
To elucidate the molecular and cellular mechanisms underlying the disassembly of integrin clusters during cell migration and shape changes, it is crucial to examine the forcedependent changes in single focal contacts in living cells. We applied a localized mechanical force to focal contacts (Hu et al., 2004; Hayakawa et al., 2008) and imaged the disassembly of single focal contacts in living human umbilical vein endothelial cells (HUVECs) using total internal reflection fluorescence (TIRF) microscopy (Tatsumi et al., 1999; Kawakami et al., 2001) . Our time-lapse observations resolved the complex process from receiving mechanical stimuli to disassembly of focal contacts. We found that a new combination of processes, an intracellular Ca 2+ increase and a tension decline in stress fibers following the mechanical stimuli, triggered clathrin-dependent endocytosis of integrin clusters.
Results

Characterization of applied mechanical force localized at focal contacts
Because a detailed analysis of the morphological changes in individual focal contacts is crucial to elucidate the molecular mechanism underlying the remodeling of focal contacts caused by mechanical stress in living cells, we focused on the effect of sustained stretch on focal contacts by employing an assay system reported elsewhere (Hu et al., 2004; Hayakawa et al., 2008) . Briefly, we displaced a fibronectin-conjugated bead (FN-bead) attached to the dorsal cell surface to apply mechanical force localized at focal contacts and observed changes in single focal contacts. When FN-beads were plated on HUVECs, they adhered tightly to the cell surface within a few minutes (Fig. 1A) . Integrin, paxillin and vinculin accumulated beneath the bead, showing that focal-contact-like structures were formed beneath the bead. These focal-contact-like structures were connected to the pre-existing focal contacts at the basal cell surface by actin stress fibers ( Fig. 1A ; supplementary material Movie 1). We could apply a mechanical force to the basal focal contacts, through the bead-apical-focal-contact-stress-fiber-basal-focalcontact linkage, by displacing the bead with a glass capillary.
The area to which the force was transmitted by the FN-bead displacement was determined with a polyacrylamide gel substrate culture system (Munevar et al., 2001; Hayakawa et al., 2008) . HUVECs were cultured on a fibronectin-conjugated polyacrylamide gel containing fluorescent particles (50 nm in diameter) to perform time-lapse imaging of the local deformation of the gel (Fig. 1B) . Time-dependent changes in the local deformation were measured by recording the position of each particle embedded in the substrate (Fig. 1C) , because the dislocation of particles directly reflects the local deformation (strain) of the substrate. When an FN-bead on a cell was displaced, the embedded fluorescent particles in the region below the FN-bead moved in the same direction as that of the FN-bead; the amplitude of particle displacements reached individual maximums within 1 second and gradually decreased over the next 4 seconds (n525) while the FN-bead was retained at the dislocated position (Fig. 1D) . The amplitude of the deformation was largest in the region below the FN-bead and declined with distance from the FN-bead (Fig. 1C) . The amplitude of the deformation was dependent on the amplitude of the displacement (1-4 mm), which corresponds to ,35-140 nN. The direction and amplitude of the movement of each fluorescent particle showed that the mechanical stimulus was transmitted to the cell bottom in an area within 20-30 mm of the FN-bead (Fig. 1Cb , blue area).
Role of the cytoskeleton in the transmission of force to basal focal contacts
To examine the role of the cytoskeleton in transmitting the mechanical force to focal contacts, we applied various agents that disrupt actin filaments or MTs. The transmission of force was inhibited by cytochalasin D (100 nM, n56), but not affected by colcemide (1 mM, n55), suggesting that the force was transmitted to the focal contacts at the cell bottom by actin stress fibers, not by microtubules.
The time-dependent amplitude changes in the distortion of the substrate by the mechanical stimuli provide mechanistic information about the force transmitted from the FN-bead to the basal focal contacts. Following displacement of the FN-bead, the fluorescent particles moved to certain maximal positions, then returned to their original positions or, sometimes, exceeded the original position. This suggests that the force applied to the cell substratum transiently rose and then declined. The stress fibers were apparently not disrupted by the displacement, because the typical length of stress fibers connecting apical focal contacts to basal focal contacts was 10-20 mm away from the bead, and the amplitude of the displacement was 1-2 mm; i.e. the rate of elongation of the fibers was less than 20% 2 mm/10 mm much less than the maximum elongation of isolated stress fibers (Deguchi et al., 2006) (also an in vivo observation). We next performed time-lapse imaging of actin stress fibers to examine the effect of mechanical stimuli (see below).
We examined the effect of a paired displacement on the force transmitted to the basal focal contacts. A second displacement, 30 seconds after the first one, deformed the substratum less extensively than the first one (,50%, n53) (Fig. 1E) , showing that less force was transmitted to the basal focal contacts through the stress fibers by the second stimulus. This is most likely owing to a decrease in the elastic modulus of the stress fibers, because the mechanical force did not change the either the morphology of the basal focal contacts or the contact between the FN-bead and the dorsal cell surface.
Myosin-II-dependent pre-stress within the stress fiber network has been reported previously (Munevar et al., 2001) , and mechano-stimuli might affect the pre-stress. Spontaneous movement of embedded particles was observed upon treatment with the myosin II inhibitor blebbistatin. The amplitude of the movements gradually diminished during 10 minutes of blebbistatin treatment, suggesting that the spontaneous movements reflect the fluctuations and dissipation of myosin-IIdependent pre-stress within the stress fiber network (Cai et al., 2006) , which would occur randomly and cause an imbalance of force to the focal contacts, resulting in the spontaneous movement of the beads. The effect of FN-bead displacement on the pre-stress was examined by comparing the amplitude of the blebbistatininduced spontaneous movements of particles near the FN-bead after the FN-bead displacement with that of beads located in the marginal regions of the same cell that were not exposed to the mechanical stimulus. The amplitude of the spontaneous movement of these beads was almost the same, suggesting that the myosin-IIdependent pre-stress within the stress fibers was not significantly altered by the mechanical stimulus (Fig. 1F) .
Time-lapse epifluorescence (EpiF) and TIRF images of actin stress fibers were analyzed to examine the macroscopic morphological change in the actin stress fibers during the FNbead displacement (supplementary material Fig. S1 ). Disruption of fibers was not seen for at least 12 seconds after the mechanical stimulus, but the fluorescence from stress fibers faded gradually for several minutes presumably due, in part, to depolymerization of the fibers (data not shown). Therefore, the initial decline in the substrate deformation (,1-5 seconds) cannot be explained by the depolymerization of actin filaments or by the large-scale disruption of the filaments. An alternative mechanism for the declining substrate deformation could be a decrease in the elastic In the presence of blebbistatin (100 nM, 5 minutes), spontaneous movement of particles was observed in the periphery of the cell (upper panel). The lower panel shows the spontaneous movement of the substratum underneath the FN-bead after loading a mechanical stimulus (2 mm displacement, which was applied 10 seconds before the recording and continued during the recording). The amplitude of the spontaneous movement of three particles against time is plotted in different colors. The positive value denotes the particle movement in the outward direction from the perinuclear region of the cell.
Force-dependent endocytosis of integrins 3861 modulus of stress fibers or the partial disruption of stress fibers. The mechanism of the decrease in the elastic modulus is not known, but it could reflect, in part, changes in the visco-elastic properties of stress fibers (Kumar et al., 2006) and/or sliding of the components of stress fibers (Kolega et al., 1991) .
Disassembly of integrin clusters by mechanical stimulation
We applied localized mechanical force to basal focal contacts and examined the disassembly of single focal contacts in living HUVECs plated on a glass coverslip coated with fibronectin. Integrin clusters in single focal contacts exposed to the mechanical stimuli disappeared gradually ( Fig. 2A ; supplementary material Movie 2). The fluorescence image taken before stimulation was subtracted from each fluorescence image taken after stimulation to generate difference time-lapse images as shown in Fig. 2B and supplementary material Movie 3. Difference images showed dark punctate 'dots' along the focal contacts during the mechanical stimulation, implying that small clusters of integrins (,0.5-1 mm in diameter) moved away from the coverslip surface (.300 nm, the depth of TIRF illumination). K + -free buffer, which inhibits endocytosis, also blocked the disassembly of focal contacts and the appearance of the punctuate dots, suggesting that the endocytotic internalization of integrin was enhanced by the mechanical stimulation; punctate dots were observed in a region up to 20-30 mm away from the FN-bead (Fig. 2B , b-a, c-d, d-c, and see below; the dark punctate dots were distributed throughout the cell shown in Fig. 2B , d-a, because of the accumulation from spontaneous endocytosis of integrins for 21 minutes, which presumably occurred throughout the cell).
Analyses of the time-lapse images of focal contacts showed that the number of dark punctate dots appearing during the mechanical stimulation increased by 53% (n55) (Fig. 2Cc) . The number of dark punctate dots per unit time started to increase at 10 seconds after the onset of stimulation and remained at a high level for 10-20 minutes. The number of dots was dependent on the amplitude of the displacement of the glass bead attached on the apical cell surface (1-4 mm) (Fig. 2Cd) . The intensity profile of single focal contacts showed that small clusters of integrins were internalized randomly over individual focal contacts (Fig. 2D) . No significant change in the width or length of each focal contact was seen, and no apparent lateral movement of integrin clusters was detected during the fading of focal contacts.
We sometimes observed enhancement of the fluorescence intensity of focal contacts outside the area subjected to mechanical force (Fig. 2B , the right margin of the cell), where a relatively small stress was applied to the focal contacts (,10% of the maximum stress). This agrees with the previous observation that relatively small forces enhance the . Green and yellow dotted circles indicate the position of the FN-bead before (0 minutes) and after the displacement, respectively. Integrin clusters were disassembled in the area exposed to the mechanical stimulus. (B) Subtracted images between control (Aa) and those (Ab, Ac and Ad) during the mechanical stimulus show dark punctate dots along the focal contacts. (C) The rate of endocytosis of integrin clusters increased with the displacement of the FN-bead. The number of dark punctate dots in every 2-minute (Ca) or 10-second period (Cb) was counted. The number increased upon FN-bead displacement and remained high (n55) (Ca). Cc shows that the rate increases for 21 minutes from the start of the stimulus (n53). Cd shows that the number of punctate dots (observed in a 2-minute period) increases upon increasing the amplitude of FN-bead displacement (n53 for 1-2 mm and 2-4 mm, n51 for .4 mm; *P,0.05). (D) Time-lapse fluorescence intensity profiles of a single integrin cluster during disassembly. Each panel shows time-lapse fluorescence images of a single integrin cluster (0-21 minutes), with its intensity profile below. Declines in the fluorescence intensity are indicated by double-headed-arrows. development of focal contacts in fibroblasts (Galbraith et al., 2002; Gardel el al., 2010) .
Mechanical stimuli enhance clathrin-dependent endocytosis of integrins
Clathrin-dependent (Ezratty et al., 2009 ) and clathrinindependent (Mayor and Pagano, 2007; Ning et al., 2007) endocytosis of integrins have both been reported. We, therefore, examined whether the internalization of integrins induced by mechanical stimuli was dependent on clathrin. Images near the basal cell surface (,1 mm), taken by confocal laser-scanning fluorescence (CLSF) microscopy, showed colocalization of integrin and clathrin in the same punctate dots (60-90%, n53) in the cells subjected to the stimulus (Fig. 3A-C) . Transferrin is frequently used as a marker of clathrin-dependent endocytosis (Puri et al., 2001) . HUVECs were treated with Alexa-Fluor-546-labeled transferrin for 1 minute and fixed 1 minute after the onset of mechanical stimulation. Integrin and transferrin colocalized in the same fluorescent spots (Fig. 3D ). Focal contacts were not internalized by the same mechanical stimulus when the cells were in K + -free buffer, which blocks clathrin-dependent endocytosis (Puri et al., 2001 ) (see Fig. 6D ). These results suggest that the majority of the internalization of b1 integrin is mediated by clathrin-dependent endocytosis.
Enhancement of endocytosis by mechanical stimuli was analyzed in living HUVECs. The cell surface membrane was stained with FM4-64, a marker of vesicle endocytosis, for 3 minutes before experiments, and time-lapse images of FM4-64 were collected 1 mm above the basal cell surface (Fig. 4A) . The number of FM4-64-positive spots approximately doubled during the bead displacement, suggesting that endocytosis was accelerated by the mechanical stimulus (Fig. 4B,C) . FM4-64-positive spots also stained with anti-integrin antibody (n53) (Fig. 4D) , confirming the endocytotic internalization of integrin.
Mechanical stimuli induce dephosphorylation of focal contact proteins
Dephosphorylation of focal contact proteins in a manner associated with the disassembly of focal contacts has been reported previously (Lawson and Maxfield, 1995) . However, the relationship between dephosphorylation of focal contact proteins and disassembly of focal contacts has not been examined in detail. We focused on this relationship following the localized mechanical stimulation to focal contacts.
Focal contacts were strongly stained by PY-20, an antibody against phosphorylated protein tyrosine residues, in adhered HUVECs (Fig. 5A) , showing that the focal contact proteins were tyrosine phosphorylated. When mechanical force was applied, the intensity of the PY-20 fluorescence of focal contacts declined Force-dependent endocytosis of integrins 3863 within 1 minute in the cell region exposed to the stimulus (Fig. 5B) . A line profile of the fluorescence intensity of focal contacts showed that each focal contact was positive for anti-b1-integrin antibody and PY-20 in adhered cells (Fig. 5Ae) , but the intensity profile of PY-20 declined to the background level when mechanical force was applied (Fig. 5Be) . Note that the intensity profile of integrin clusters was not significantly changed, showing that certain fractions of focal contacts were not yet disassembled at 1 minute. We examined the dephosphorylation of the focal contact protein paxillin upon mechanical stimulation using the same protocol. In the control, focal contacts were stained with fluorescent-tag-conjugated antibodies against paxillin and tyrosine-phosphorylated paxillin (Fig. 5C ). When the mechanical stimulus was applied, paxillin in focal contacts exposed to the stimulus was no longer stained by the antibody against phosphorylated paxillin (Fig. 5D, shown by arrowheads) . Treatment with 100 nM phenylarsine oxide (PAO), a blocker of tyrosine phosphatase, decreased the disassembly of integrin clusters to 55% of the control (n55) (Fig. 6D ). These observations support the idea that the mechanical stimulus induces dephosphorylation of focal contact proteins, including paxillin, followed by clathrin-dependent endocytosis of integrins.
Endocytosis of integrin clusters is mediated by a combination of intracellular Ca 2+ concentration increase and tension decrease in stress fibers
The intracellular Ca 2+ concentration ([Ca 2+ ] i ) is increased upon the uni-axial stretching of an elastic substrate (Naruse et al., 1998b) and by bead displacement as used in this study (Hayakawa et al., 2008) . We imaged [Ca 2+ ] i increases at the cell bottom during the localized mechanical stimulation and examined the role of the [Ca 2+ ] i increase in the disassembly of focal contacts. The [Ca 2+ ] i became elevated in the region where the focal contacts were dragged towards the FN-bead. Real-time (30 frames per second) imaging of [Ca 2+ ] i demonstrated that a punctuate spot of [Ca 2+ ] i increase appeared just under the FNbead within 20 mseconds after mechanical stimulation, which diffused over the cell in a few seconds (Fig. 6A) . The [Ca 2+ ] i returned to the control level within a few minutes (n510). The [Ca 2+ ] i increase was inhibited in Ca 2+ -free solution or upon the addition of Gd 3+ (20 mM), suggesting that the mechanical stimulation activated the Ca 2+ -permeable stretch-activated channels (SA channels), which was followed by the influx of extracellular Ca 2+ (Fig. 6B ). The endocytosis of integrin clusters induced by mechanical stimuli was suppressed in Ca 2+ -free solution (Fig. 6C) , whereas the amplitude and timecourse of the substrate deformation in Ca 2+ -free solution (or upon addition of Gd 3+ ) were approximately the same as those in control solution. This indicated that nearly the same amplitude of mechanical force was applied to the focal contacts and that tension declined in the same manner as in the control solution (n55). Gd 3+ also inhibited the [Ca 2+ ] i increase and decreased the disassembly of integrin clusters to 49% of the control (n55) (Fig. 6D) . Time-lapse imaging of focal contacts by reflection interference contrast (RIC) microscopy also showed that focal contacts were not affected by mechanical stimuli in the absence of extracellular Ca 2+ . Under this condition, focal contacts remained PY-20 positive even after the mechanical stimulation (Fig. 6E) , suggesting that the focal contact proteins were not dephosphorylated by the mechanical stimulation in the Ca 2+ -free solution.
We next examined the effect of the [Ca 2+ ] i increase on the integrin clusters in the absence of an externally applied mechanical load to the integrin clusters. When ionomycin (10 mM) was applied to the cell through a micropipette or by bath perfusion, it did not affect the tyrosine residue phosphorylation or the distribution of integrin clusters. This indicated that the [Ca 2+ ] i increase was necessary, but not sufficient, to induce dephosphorylation of focal contact proteins and disassembly of integrin clusters (Fig. 6D) . We also examined whether a loss of tension in stress fibers without a [Ca 2+ ] i increase affects the integrin clusters. 2,3-butanedione monoxime (BDM) (5-10 mM), which reduces the tension in stress fibers by blocking myosin II activity, did not affect the integrin clusters (n55). However, a simultaneous application of ionomycin and BDM induced disassembly of integrin clusters, suggesting the combination of [Ca 2+ ] i increase and tension decline in actin stress fibers induces the focal contact disassembly (n55) (Fig. 6D) .
Biochemical events involved in mechanically induced integrin endocytosis
A number of intracellular signaling cascades are activated by [Ca 2+ ] i increases. We examined the effects of several inhibitors for the signal molecules that have been proposed to be involved in the Ca 2+ -dependent intracellular signaling triggered by mechanical stimulations. The role of the Ca 2+ -dependent proteases calpain I and II in the mechanical-stimuli-induced integrin endocytosis was examined at first. Because talin 1, FAK and paxillin have calpain-cleavage sites (Franco and Huttenlocher, 2005) , calpain might play a key role in the transmission of mechanically evoked signaling to the focal contact complex (Giannone et al., 2003) . When cells were treated with calpeptin (10 mM), a calpain I and II inhibitor, the disassembly of integrin clusters by the mechanical stimulation was reduced to 17% of the control (n54), suggesting that calpain I and/or II are involved in the process of the mechanically induced disassembly of integrin clusters (Fig. 6D) . Uni-axial cyclic stretching of HUVECs activates the Ca 2+ -dependent phosphatase calcineurin, which might regulate the phosphorylation of Src, leading to morphological changes (Baluska et al., 1996; Naruse et al., 1998a; Naruse et al., 1998b) . We tested the effects of FK506 (50 mM, 10 minutes), an inhibitor of calcineurin, on the disassembly of focal contacts. Focal contacts were disassembled by mechanical stimuli in the FK506-treated cells Ad shows the same cell at a lower magnification. The area illuminated by the two lasers is shown in color. Ae shows the fluorescence intensity profile of the focal contacts from the rectangular area in Ac stained with an antibody against b1 integrin (green) and PY-20 (red). (B) Cells subjected to the mechanical stimulus (the direction of the displacement is shown by the red arrow in Ba, with the yellow circle indicating the position of the FN-bead) were stained by antibodies and analyzed in the same way as in A. The region of the cell subjected to the stimulus is indicated by the double-headed arrows. Cells were fixed and stained after 1 minute of the mechanical stimulation. (C) Cells not subjected to a mechanical stimulus were stained with anti-paxillin (Ca , Cc and Cd, green) and antiphosphorylated-paxillin (Cb-Cd, red) antibodies. These images are superimposed in Cc. Ce shows the fluorescence intensity profile of the focal contacts from the rectangular area in Cc stained with an antibody against anti-paxillin (green) and by anti-phosphorylated paxillin (red). (D) Cells subjected to the mechanical stimulus (the direction of the displacement and the position of the FN-bead are shown as in Ba) were stained with antibodies and analyzed in the same way as C. The fluorescence intensity of anti-phosphorylated-paxillin antibody staining (red) declined in the region where the mechanical stimulus was applied [i.e. the vicinity of the FN-bead]. Focal contacts were stained by anti-paxillin antibody (Da, arrowheads), but not stained by anti-phosphorylated paxillin antibody (Db and Dc). Phosphorylated paxillin was found in the periphery of the same cell (see lower part of Db).
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although the number of dots declined (n53) (Fig. 6D) . Therefore, it is unlikely that calcineurin is involved in the disassembly of focal contacts caused by mechanical force. Presumably, Src activation is involved in the trafficking of internalized integrins and/or the formation of new focal contacts. Thus, the blockade of calcineurindependent Src activation by FK506 might result in the inhibition of the large-scale morphological change of cells (Naruse et al., 1998a) .
It is generally thought that the activity of serine/threonine phosphatases is Ca 2+ independent. By contrast, Ca 2+ -dependent targeting of the major serine/threonine protein phosphatase 2A (PP2A) has been reported in epithelial cells (Nunbhakdi-Craig et al., 2002) . The effect of the serine/threonine phosphatase inhibitor, okadaic acid, on the mechano-induced response was examined. Okadaic acid (100 nM) reduced the mechano-induced integrin disassembly to 24% of the control response (n53) (Fig. 6D) .
On the basis of these observations, it is conceivable that the mechanical stimulus induced a [Ca 2+ ] i increase and a decline in tension in the stress fibers connected to focal contacts in the order of seconds, which led to the dephosphorylation of some focal contact proteins and facilitated the endocytosis of integrins. This process continues for ,20 minutes, resulting in the disappearance of the focal contacts in the cell regions exposed to the mechanical stimulus.
Actin stress fibers are linked to focal contacts and affect their stability (Galbraith et al., 2002; Hirata et al., 2008) , and loss of tension in the stress fibers leads to the gradual disassembly of stress fibers (Ono et al., 1996; Medeiros et al., 2006) . We examined the effect of disassembly of actin stress fibers on the focal contacts' stability. When cells were treated with cytochalasin D (100 nM), both actin stress fibers and integrin clusters disassembled within 10 minutes, and was associated with paxillin dephosphorylation (n53). Because cytochalasin D causes no significant [Ca 2+ ] i increase (Wang et al., 2002; Rosado and Sage, 2000) , it is likely that disassembly of actin filaments by itself leads to disassembly of focal contacts in a [Ca 2+ ] i -increaseindependent manner.
The endocytic adaptor protein Numb is an important component of the machinery for directional integrin trafficking in migrating cells. Numb binds to b-integrins and localizes to clathrin-coated structures (CCSs) at the substratum-facing surface of the leading edge of cells (Nishimura and Kaibuchi, 2007) . Following 1 minute of mechanical stimulation, endothelial cells were fixed and double immunostained with antibodies against integrin and Numb. We found that only 20-30% (n53, data not shown) of integrin clusters colocalized with Numb, and this percentage was not altered by the mechanical stimulation, suggesting that Numb does not play an important role in the mechanically induced internalization of integrins.
Discussion
The present study has demonstrated that a localized mechanical force applied to the focal contacts of HUVECs enhances the internalization of b1 integrin, which is dependent on an increase in [Ca 2+ ] i and a decrease in tension in stress fibers. The cellular process of the disassembly of integrin clusters by mechanical stimuli has been explored only partially; the importance of a [Ca 2+ ] i increase has been pointed out for the internalization of integrins in neutrophils (Hendey et al., 1992) and in keratocytes (Doyle and Lee, 2005) . Detachment of integrins from substrate proteins is also dependent on [Ca 2+ ] i increases in migrating neutrophils (Lawson and Maxfield, 1995) and in polymorphonuclear neutrophils (Pierini et al., 2000) . These studies also provide compelling evidence that integrins are normally recycled by means of endocytosis and intracellular trafficking during cell migration.
The present study has greatly advanced the understanding of the mechanism of cellular responses to mechanical stimuli to focal contacts, implying that mechanical stimuli increase the [Ca 2+ ] i , cause a tension decline in stress fibers and induce the tyrosine-residue-dephosphorylation of focal contact proteins, followed by clathrin-dependent endocytotic internalization of integrins. These mechanosensitive intracellular signaling processes differ from those activated by chemical signals; for example, vascular endothelial growth factor (VEGF) activates PKC, followed by a facilitation of an endocytic recycling pathway of integrins (Ng et al., 1999; Ivaska et al., 2005) , and a5b1 integrin is internalized through a clathrin-independent pathway in fibroblasts (Altankov and Grinnell, 1995) .
The timecourse of the mechano-stimuli-induced response examined in this study can be summarized as follows. (1) The mechanical stimulation transiently increases the tension in stress fibers, and the force is transmitted to focal contacts through actin stress fibers to activate mechanosensitive Ca 2+ -permeable SA channels located in the vicinity of the focal contacts. This is followed by [Ca 2+ ] i increases in less than a few mseconds (Hayakawa et al., 2008) , with this elevated level being maintained for a few minutes. (2) By contrast, in less than a few seconds, tension in the stress fibers declines to that of (or less than) the level in the control presumably due to a decrease in the elastic modulus of the stress fibers. (3) The tension decline in concert with the [Ca 2+ ] i increase mediates tyrosine residue dephosphorylation of focal contact proteins and accelerates the disassembly of integrin clusters through clathrin-dependent endocytosis of integrins.
By a few seconds after the mechanical stimulation, tension in the stress fibers declined to the control level, as mentioned above. By contrast, the myosin-II-dependent pre-stress in the stress fibers was not significantly affected by the same mechanical stimulus. The myosin-II-dependent forces might be small because the force was detected only with a specially prepared soft PAA gel substrate. This small force acted on the focal contacts (less than 30% of the peak of the mechanical stimulus), but it did not prevent the disassembly of the focal contacts exposed to the mechanical stimuli.
The tension decline in concert with the [Ca 2+ ] i increase mediated tyrosine residue dephosphorylation of focal contact proteins and accelerated the disassembly of integrin clusters. However, the tension decline in the stress fibers alone without [Ca 2+ ] i increases did not induce tyrosine residue dephosphorylation or integrin internalization. When [Ca 2+ ] i was increased artificially by ionomycin without mechanical stimulation, neither tyrosine dephosphorylation of focal contact proteins nor the disassembly of integrin clusters was observed, suggesting that the [Ca 2+ ] i increase is necessary, but not sufficient, for the tyrosine residue dephosphorylation and the clathrin-dependent endocytosis of integrins. This new combination, a [Ca 2+ ] i increase and tension decline in stress fibers, caused by mechanical stimuli or by a combined application of ionomycin and BDM, triggered clathrindependent endocytosis of the integrin clusters. This combination might activate calpain I and II, resulting in a weakening of integrincytoskeleton bonds (Giannone et al., 2003) . The phosphatase that is activated by the combination of tension decline and [Ca 2+ ] i increase, and responsible for the dephosphorylation of focal contact proteins, should be elucidated. Several studies suggest that calcineurin is responsible for the stretch-dependent remodeling of HUVECs (Sai et al., 1999; Hendey et al., 1992) . However, our results showed that calcineurin is not responsible for the mechano-dependent disassembly of focal contacts, but instead imply that calcineurin is responsible for the dynamic remodeling of focal contacts and remodeling of cell shape following the disassembly of focal contacts.
Although little is known about the early timecourse (i.e. less than a minute) of the tyrosine residue phosphatase activation, a recent study on the muscarinic-receptor-induced NMDA responses in neuronal synapses has shown that the [Ca 2+ ] iincrease-dependent activation of tyrosine residue phosphatase occurs in a very short time [in the order of tens of seconds (Grishin et al., 2005) ]. The tyrosine residue dephosphorylation of focal contact proteins following the mechanical stimuli might also be very fast (several seconds), because the rate of integrin endocytosis starts to elevate only 10 seconds after the onset of mechanical stimulation, and tyrosine residue dephosphorylation presumably precedes the endocytosis.
Disassembly of actin stress fibers was observed within a few minutes of the onset of mechanical stimulation. Clathrindependent endocytosis of integrin clusters has also been reported in NRK cells by electron microscopy (Nicol and Nermut, 1987) ; that study showed that adherent membrane patches lacking microfilament bundles were coated with clathrin, implying that focal contacts lacking actin filaments are endocytosed by a clathrin-dependent pathway. Once the actin stress fibers connecting to the focal contacts are disassembled and focal contact proteins are tyrosine-residue-dephosphorylated,
Force-dependent endocytosis of integrins 3867
clathrin-dependent endocytosis of integrin clusters can proceed. Actually, the [Ca 2+ ] i returned to the control level within a few minutes of a mechanical stimulation in our experiments, and the focal contacts were disassembled under a [Ca 2+ ] i close to the resting level. Clathrin-dependent internalization of integrins has also been observed in a limited number of studies (Pellinen and Ivaska, 2006) , which include clathrin-dependent internalization upon exogenous application of vitronectin to cells (Memmo and McKeown-Longo, 1998 ) and in a case of pathogen invasion (Tugizov et al., 1999) . These responses and the mechano-stimuliinduced integrin internalization might share the same or a similar cellular signaling mechanism.
In the preceding studies, relatively small forces (in the order of piconewtons) applied to the cell surface with optical tweezers or magnetic beads (Galbraith et al., 2002; Zamir et al., 2000; Wang and Ingber, 1995) accelerated the development of focal contacts. Mechanical tension stimulates the transition of nascent adhesions to focal complexes and focal adhesion, as reviewed recently (Gardel et al., 2010) . By contrast, we used relatively large forces (35 nN to 100 nN), which resulted in an acceleration of the endocytosis of integrins in focal contacts. A force of 10 nN/mm 2 can be generated in 3T3 fibroblasts (Dembo and Wang, 1999) , and the two-dimensional area of a HUVEC in vivo is generally more than 400 mm 2 . Thus, a force of several tens of nanonewtons is presumably in the physiological range, and much larger forces would be applied onto focal contacts when endothelial cells are subjected to cyclic expansion of blood vessels or when cells are exposed to artificial stretch (Sai et al., 1999) . After pulsatile repetitive stretching, endothelial cells align perpendicular to the expansion axis, where HUVECs disassemble focal contacts exposed to high stress and extend in the direction where cells experience less stress. The endocytotic internalization of integrin clusters might be involved in the process of focal contact disassembly in highly stressed regions.
Materials and Methods
Imaging of living cells
Endothelial cells were prepared from a human umbilical cord vein as described previously (Sai et al., 1999) . HUVECs were transferred into a handmade chamber for TIRF microscopy (described below) and incubated with an Alexa-Fluor-488-(or Alexa-Fluor-546)-labeled monoclonal antibody against the extracellular domain of b1 integrin (anti-CD29 antibody, Endogen, Rockford, IL) for 30-45 minutes (1:50 dilution). Details of the procedure for immunofluorescent staining of integrins in living HUVECs have been described previously (Kawakami et al., 2001 ).
Preparation of glass beads conjugated with fibronectin or antibodies
Glass beads (Ø10 mm, Duke Scientific, Palo Alto, CA) were conjugated with fibronectin as described previously (Jacobson et al., 1978) . FN-beads were stored at 220˚C in PBS containing 50% glycerol and were washed with culture medium before use. The pattern of focal contacts underneath the FN-bead was somewhat different from that of control cells without beads; the staining pattern was scattered and irregular (Figs 2,3) .
Force application
A FN-bead was displaced by a piezo-driven glass pipette (,1-4 mm, and 2 mm was used usually) or by manipulators (Water pressure type manipulator, Narishige, Japan). The pipette was made from glass capillary (Ø1 mm, Narishige, Japan) with a programmable puller (Model P-97, Sutter Instrument, Novato, CA), and the tip was fire polished. The force required to displace the FN-bead by 1 mm was an average of 35.4¡8.0 nN for five cells. The force applied to the bead was estimated as follows; the stiffness of the tip of the glass capillary was estimated by bending the tip using the calibrated tip of an atomic force microscope (AFM) probe (SN-AF01, Olympus, Japan), and the displacement of a FN-bead and the bending of the tip were monitored by a CCD camera. The force applied to the bead was estimated from the relationship between the displacement of the FN-bead and the bending of the tip of the glass capillary.
Culture on polyacrylamide gel substrate
A polyacrylamide (PAA) gel substrate was prepared as described previously (Munevar et al., 2001 ) with minor modifications. Fluorescent beads (Fluoresbrite Ø 50 nm and 1 mm, Polyscience, Niles, IL) in 100 ml of solution were precipitated with a microcentrifuge (CF 15R, Hitachi, Japan) at 16,000 g, and then the precipitate was resuspended in 300 ml of PAA gel solution [10% acrylamide, 0.25-0.5% bis-acrylamide; this PAA was harder than those used in our previous report (Hayakawa et al., 2008) ]. 0.25% bis-acrylamide was used to make a soft PAA gel, which had only 60% of the elastic modulus of the control. A total of 20 ml of the PAA gel solution was placed on a culture chamber and covered with a Ø15 mm coverslip. The surface of the PAA gel was conjugated with fibronectin (100 mg/ml) after detaching the coverslip. Time-lapse images of the fluorescent particles underneath (within a few micrometers) the cells were recorded during the force application. Movements of the fluorescent particles were analyzed with a particletracking program (MetaMorph).
Measurements of the intracellular Ca 2+ concentration
Changes in the intracellular concentration of Ca 2+ were estimated with fluo-3AM (Dojindo, Japan). Fluo-3 was excited with light (480 nm) from a xenon lamp (LAMBDA DG-4, Sutter Instrument) or a solid-phase laser (473 nm, Solid State 473, HK5510, Shimazu, Kyoto, Japan). Images were obtained with a cooled-CCD camera (Coolsnap/fx, Roper Scientific) after fluorescence had passed through a 510-nm long-wave path filter.
Potassium depletion
Samples were rinsed with K + -free buffer (140 mM NaCl, 20 mM Hepes pH 7.4, 1 mM CaCl 2 , 1 mM MgCl 2 and 1 mg/ml D-glucose) and then rinsed in the hypotonic buffer (K + -free buffer diluted 1:1 with distilled water) for 5 minutes. Cells were then quickly washed three times in K + -free buffer and incubated for 20 minutes at 37˚C in the K + -free buffer (Puri et al., 2001) .
A multi-mode microscope capable of TIRF, DIC, EpiF and RIC imaging TIRF optics were incorporated into an inverted microscope (Axiovert, Zeiss) equipped with optics for DIC, EpiF and RIC microscopy as described previously (Kawakami et al., 2001) . A CLSF microscope (LSM510, Zeiss) was used to analyze the three-dimensional distribution of integrin and the actin stress fibers. The chamber for the TIRF imaging consists of a coverglass and a small chamber made of silicone rubber. A laser beam (473 nm, 18 mW, Solid State 473, HK5510, Shimadzu, Japan; or 532 nm, 50 mW, DPSS532, Coherent, Dieburg, Germany) was attenuated and directed into the prism as described previously (Kawakami et al., 2001) . The temperature of the chamber was maintained at ,37˚C.
Microinjection of fluorescently labeled actin into cultured cells G-actin was prepared from rabbit skeletal muscle (Spudich and Watt, 1971 ) and purified by gel filtration on a Sephadex G-100 column. The actin was labeled with Tetramethylrhodamine (TRITC), as described previously (Saitoh et al., 1988) , filtrated through a Millipore filter (pore size, 0.22 mm) just before use and then introduced into cells by a microinjection method as described previously (Hiramoto, 1971) .
Fluorescent staining with antibodies
HUVECs were fixed by 4% paraformaldehyde after 3 minutes of mechanical stimulation, labeled with monoclonal antibodies (mAbs) against the clathrin heavy chain (Transduction Laboratories, Lexington, KY), and stained using Alexa-Fluor-543-conjugated goat anti-mouse-IgG (Molecular Probes) using a standard technique. Primary antibodies used were mouse antibody for b1 integrin (AlexaFluor-488-conjugated; anti-human-CD29, Endogen), mouse anti-phosphotyrosine monoclonal antibody (PY-20; BD Transduction Laboratories, USA), mouse antipaxillin antibody (BD Transduction Laboratories), rabbit anti-phosphorylated (against phosphorylated Y118) paxillin antibody (Biosource, Camarillo, CA), anti-vinculin antibody (mouse monoclonal, clone V284, Upstate Biotechnology), anti-tubulin antibody (DM1A, Cedarlane, Canada), anti-vinculin antibody (V284, Upstate Biotechnology). Secondary antibodies used were Alexa-Fluor-488-conjugated anti-mouse-IgG (Molecular Probes, USA), goat IgG anti-mouse-IgG (Chemicon International Inc., USA) and TRITC-conjugated anti-mouse-IgG (DAKO, Denmark). For the live imaging of endocytosis during the mechanical stimulation, cells were treated with FM4-64 (1 mM, Molecular Probes), a fluorescent styryl dye, which selectively labels transport vesicles (Henkel and Betz, 1995) . The anti-Numb polyclonal antibody (PRR/3) was kindly provided by Kozo Kaibuchi (Nagoya University, Japan).
Transferrin uptake induced by mechanical stimuli
HUVECs were washed with serum-free medium and labeled for 1 minute with 25 mg/ml human serum transferrin conjugated with Alexa Fluor 594 (Molecular Probes). HUVECs were fixed with 4% paraformaldehyde after 1 minute of mechanical stimulation and stained with an antibody against b1 integrin.
Drugs
Drugs used were: cytochalasin D (Sigma), butanedione monoxime (BDM, Sigma), phenylarsine oxide (PAO, Sigma-Aldrich), fluo-3/AM (Dojindo, Japan), BODIPYlabeled phalloidin (Molecular Probes), FM4-64 (Molecular Probes), calpeptin (BIOMOL) and blebbistatin (Toronto Research Chemicals, North York, Canada). Other drugs were from Sigma-Aldrich or Wako.
Statistics
Data are presented as means¡s.d., unless otherwise noted.
